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(57) Abstract: Physical properties, such as mehing temperature of MPO compositions may be signillcanily modified by modifying 
^ the weight percentage of one or more of the constiiueni MPOs. For example, removal of a significant portion of the letramer can 
^ aftord low melting MPO compositions. In one aspect, the invention is related to a method for modifying a physical property of a 
^ MPO composition that includes the steps of (a) providing a composition that has at least two species of MPOs, and (b) changing 
^ the weight percentage ol at least one species of the MPOs in the composition. In another aspect, the invention is related to a MPO 

O composition that includes at least iwo species of MPOs where a species of the MPOs having the highest melting temperature is 
present in an amount less than or equal to 5 %. In yet another aspect, the invention is related to a MPO composition comprising 
^ 3(M0 % macrocyclic polyester dimers, 30-45 % macrocyclic polyester irimers, 0-5 % macrocyclic polyester leiramcrs, and 5--»0 % 
^ macrocyclic polyester pentamers. 
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SPECIES MODIFICATION IN MACROCYCLIC POLYESTER OLIGOMERS, AND 
COMPOSITIONS PREPARED THEREBY 

Technical Field 

This invention generally relates to thermoplastics and articles formed therefrom. More 
particularly, the invention relates to macrocyclic polyester oligomer compositions and methods 
for modifying physical and chemical properties of the compositions. Even more particularly, this 
invention relates to macrocyclic polyester oligomer compositions having relatively low melting 
5 temperatures. 

Background Information 
Linear polyesters such as poly(alkylene terephthalate) are generally known and 
commercially available where the alfcylene typically has 2 to 8 carbon atoms. Linear polyesters 
have many valuable characteristics including strength^ toughness, high gloss and solvent 

1 0 resistance. Linear polyesters are conventionally prepared by the reaction of a diol with a 

dicarboxylic acid or its functional derivative, typically a diacid halide or ester. Linear polyesters 
may be fabricated into articles of manufacture by a number of known techniques including 
extrusion, compression molding, and injection molding. Linear polyesters may be produced 
from macrocyclic polyester oligomers. 

1 5 Macrocyclic polyester oligomers" (MPOs) have unique properties that make them 

attractive as matrices for engineering thermoplastic composites. These desirable properties stem 
from the fact that MPOs exhibit low melt viscosity, allowing them to impregnate a dense fibrous 
preform easily. Furthermore, certain MPOs melt and polymerize at temperatures well below the 
melting point of the resulting polymer. Upon meltiiig ^d in the presence of an appropriate 

20 catalyst, polymerization and crystallization can occur virtually isothermally. As a result, the time 
and expense required to thermally cycle a tool is favorably reduced. 

Generally speaking, MPO compositions have high melting temperatures, which 
necessitate the use of special equipment in processing not commonly available in polymer 
processing units. If compositions with lower melting temperatures could be produced, it would 

25 be possible to use more readily available processing equipment such as that is commonly used in 
the production and handling of epoxy resins. 
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Summarv of the Invention 
Physical and/or chemical properties of MPO compositions may be significantly modified 
by modifying the weight percentage of Qne or more of the constituent MPOs. For example, the 
presence of a smgle MPO species, the macrocyciic polyester tetramer, has an unexpectedly 
5 pronounced effect on the melting temperature of a MPO composition. Removal of a portion of 
the macrocyciic polyester tetramer can result in low-melting MPO compositions. The resulting 
MPO compositions have the further advantage, under many circumstances, of a greatly reduced 
tendency to crystaUize at ambient temperatures, making it possible to combine them with fiUeis 
such as carbon or glass fibers to produce prepregs easily convertible to filled high molecular 
10 weight linear polyesters. 

In one aspect, the invention is related to a process for modifying a physical property of a 
composition that includes MPOs. The process includes the steps of (a) providing a composition 
that has at least two species of MPOs, aijd (b) changing the weight percentage of at least one 
species of the MPOs in tiie compositionl 
15 In another aspect, the invention is related to a MPO composition that includes at least two 

species of MPOs wherein a species of the MPOs having the highest melting temperature is 
present in an amount less than or equal fp 5%. In one embodiment, a blend material includes 
such a MPO composition and also a polymerization catalyst. 

In a preferred embodunent, a MPO '6'6mp6M'ti6fi of the invention comprises 30-40% 
20 macrocyciic polyester dimers, 30-45% macrocyciic polyester trimers, 0-5% macrocyciic 
polyester tetramers, and 5-20% macrocyciic polyester pentamers. 

The foregoing and other objects,'aspects, features, and advantages of the invention will 
become more apparent firom the foUovwhg figures, description, and claims. 

Brief Description of Figures 
25 The drawings are not necessarily to scale, emphasis instead being generally placed upon 

illustrating the principles of the invention to facilitate its understanding. 

FIG. 1 is a schematic illustration of an embodiment of the invention including a fiactional 
crystallization process. 

Detailed Description 

30 Physical properties, for example, the meltmg temperatures, of a composition comprising 

MPOs may be modified by modifying the weight percentage of a MPO species, for example, the 
macrocyciic polyester tetramer. A MPQ composition havmg a low melting temperature can be 
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polymerized and processed at lower temperature thereby avoiding the need for special equipment 
not commonly available in polymer processing. . 

Definitions 

The following general definitioiK may be helpful in understanding the various terms and 
5 expressions i25ed in this specification. I 

As used herein, "macrocyclic" means a cyclic molecule having at least one ring within its 
molecular structure that contains 8 or more atoms covalently connected to form the ring. 

As used herein, an "oligomer" means a molecule that contains 2 or more identifiable 
structural repeat imits of the same or different formula. 
10 As used herein, a "macrocyclic polyester oligomer (MPO)" means a macrocyclic 

oligomer containing structural repeat units having an ester functionality. A MPO typically refers 
to multiple molecules of one specific formula. However, a MPO also may include multiple 
molecules of different formulae having Vaiyihg iiiimbers of the same or different structural repeat 
units. In addition, a MPO may be a macrocyclic co-polyester oligomer (including macrocyclic 
15 multi-polyester oligomer), i.e., an oligomer having two or more diflferent structural repeat units 
having an ester functionality within one cyclic molecule. 

As used herein, "degree of polyrherization (DP)" means the number of identifiable 
structural repeat units in oligomeric or polymeric backbone. The structural repeat units may have 
the same or different molecular structural. For example, ^'macrocyclic polyester tetramer" or 
20 "tetramer" refers to MPOs with a DP of 4. 

As used hereua, a "species'* means MPOs havhig the same DP. For example, the 
macrocyclic polyester tetramer is one spfecies. 

As used herein, a '^macrocyclic polyester oligomer composition" means a composition 
comprising a mixture of MPOs having different DP values, whether or not units of more than one 
25 molecular structure are present. - ■ 

As used herein, a "blend material" means a mixture of two or more components iricluding 
at least one MPO and at least one polymerization catalyst. Preferably the blend material is 
imiformly mixed. A blend material may also include a filler as well as other components 
recognized by a skilled artisan. 
30 As used herein, "substantially homo- or co-polyester oligomer" means a polyester 

oligomer wherein the structural repeat units are substantially identical or substantially two 
dififerent structural repeat units, respectively. 

As used herein, "an alkylene group" means -CnH2n-, where n > 2. 
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As used herein, "a cycloalkylene; group" means a cyclic aikylene group, -CnHan-x-, where 
X represents the number of H's replaced by cyclization(s). 

As used herein, "a mono- or polyoxyalkylene group" means [-(CH2)m-0-]n-(CH2)m-, 
wherein m is an integer greater than 1 and n is an integer greater than 0. 
5 As used herein, "a divalent aromatic group" means an aromatic group with linlcs to other 

parts of the macrocyclic molecule. For example, a divalent aromatic group may include a meta- 
or para- Unked monocyclic aromatic group (e.g., benzene). 

As used herein, "an aUcyclic group" means a non-aromatic hydrocarbon group containing 
a cycUc structure within. 

1 0 As used herein, "a filler" means a material other than a MPO or a polymerization catalyst 

that may be included in the blend materiial. A filler often is included to achieve a desired purpose 
or property, and may be present in the resulting polyester polymer. For example, the purpose of 
the filler may be to provide stability, such as chemical, thermal or light stability, to the blend 
material or the polyester polymer product, and/or to increase the strength of the polyester 

1 5 polymer product. A filler also may provide or reduce color, provide weight or bulk to achieve a 
particular density, provide flame resistance (i.e., be a flame retardant), be a substitute for a more 
expensive material, facilitate processing^ and/or provide other desirable properties as recognized 
by a skilled artisan. Illustrative examples of fillers are, among others, fimied silica, carbon black, 
titanium dioxide, organo bromides in combination with antimonium oxides, calcium carbonate, 

20 chopped fibers, fly ash, glass microspheres, micro-balloons, crushed stone, nanoclay, linear 
polymers, and monomers. 

As used herein, "a polyester polymer composite" means a polyester polymer that is 
associated with another substrate such a^, a fibrous or particulate material. Illustrative examples 
of particulate materials are chopped fibers, glass microspheres, and crushed stone. 

25 As used herein, "an equilibrated mixture" means a mixture of MPOs in thermodynamic or 

kinetic equilibration. 

As used herein, "fiber" means any material with elongated structure such as polymer or 
natural fibers. The material can be fiberjglass, ceramic fibers, carbon fibers or organic polymers 
such as aramid fibers. 

30 As used herein, a "tow" or "strand" means a group of fibers together, or a bundle of 

fibers, which are usually wound onto spdols and may or may not be twisted. These tows or 
strands can be woven or knitted to form fabrics. 
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As used herein, a "fiber preform" means an assembly of fiber tows and/or fabric held 
together in a desired shape. Typically, fiber preforms are dry, and often held together with 
various tackifiers. 

As used herein, a "prepreg" means a fiber material such as carbon fiber, glass fiber, or 
5 other fiber, that has been impregnated with a resin material in sufficient volume as to provide the 
matrix of the composite, and such that the ratio of fiber to resin is closely controlled. The fiber 
configuration can be in tow form, woven or knitted into a fabric, or in a unidirectional tape. 

L Macrocvclic Polyester Oligomers flVCPOs^ 

Many different MPOs can readily be made and are usefiil in the practice of this invention. 
1 0 MPOs that may be employed in this mvention include, but are not limited to, macrocyclic 
poly(alkylene dicarboxylate) oligomers having a structural repeat unit of the formula: 

.;0 O 
O A O ;C B C 

1 5 where A is an alkylene, or a cycloalkylene or a mono- or polyoxyalkylene group; and B is a 
divalent aromatic or alicyclic group. MPOs that may be employed in this invention may have 
various DP values, e.g., 2 to 20, 2 to 10, 2 to 8, and 2 to 6. 

MPOs may be prepared by known methods. Synthesis of the preferred MPOs may 
include the step of contactmg at least one diol of the formula HO-A-OH with at least one diacid 

20 chloride of the formula: 

[ O O 

_ii II 

Cl C B— C CI 

where A and B are as defined above. The reaction typically is conducted in the presence of at 
25 least one amine that has substantially no steric hindrance around the basic nitrogen atom. An 
illustrative example of such an amine is l,4-diazabicyclo[2.2.2]octane (DABCO). The reaction 
usually is conducted under substantially anhydrous conditions in a substantially water immiscible 
organic solvent such as methylene chloride. The temperature of the reaction typically is between 
about -25°C and about 25°C. See, e.g., JJ.S. Patent No. 5,039,783 to BruneUe et al 
30 MPOs have also been prepared via the condensation of a diacid chloride with at least one 

bis(hydroxyalkyl) ester such as bis(4-hydroxybutyl) terephthalate. The condensation typically 
occurs in the presence of a highly unhindered amine or a mixture thereof with at least one other 
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tertiary amine such as triethylamine. Usually, a substantially inert organic solvent such as 
methylene chloride, chlorobenzene, or a'mixture thereof is used. See, e.g., U.S. Patent No. 
5,231,161 to Brunelle et al 

Another method for preparing MPOs, including macrocyclic co-polyester oligomers, is to 

5 depolymerize linear polyester polymers in the presence of an organotin or titanate compound. In 
this method, linear polyesters are converted to MPOs by heating a mixture of linear polyesters, an 
organic solvent, and a trans-esterification catalyst such as a tin or titanium compound. The 
solvents used, such as o-xylene and o-dichlorobenzene, usually are substantially free of oxygen 
and water. See, e.g., U.S. Patent Nos. 5,407,984 to Brunelle et al and 5,668,186 to Brunelle et 

10 al 

It is also within the scope of the invention to employ macrocyclic homo- and co-polyester 
oligomers to produce homo- and co-polyester polymers, respectively. Therefore, unless 
otherwise stated, an embodiment of a composition, article, or process that refers to a MPO may 
also include co-polyester embodiments. ' 

15 Among homopolymeric compositions and in one embodiment, MPOs of poly(l,4- 

butylene) terephthalate (PBT) are used. Among homopolymeric compositions and in another 
embodiment, MPOs of polyethylene terephthalate (PET) are used. Among co-polymeric 
compositions and in one embodunent, MPO species contain a major proportion of PBT structural 
units, PET structural units, or both. In one embodiment, MPO species contain at least about 90 

20 mole percent of PBT structural units, PET structural units, or both. In another embodiment, 
MPO species contain predominately PBT, and a minor proportion of other units, for example, 
poly(alkylene dicarboxylate) units or ether oxygen-containing units such as those m which A is 
derived from diethylene glycol. 

n. Designing Physical and Chemical Properties of MPO Com positions 
25 In one embodunent, MPO compositions are created that have physical and/or chemical 

properties different from that of the unmodified MPO compositions originally produced. For 
example, the melting temperatures of a MPO composition can be significantly decreased by 
removal from the MPO composition of a major proportion of the macrocyclic polyester tetramer, 
i,e., the oligomer having a DP of 4. This is possible because the tetramer is both high melting 
30 and highly crystalline among the MPOs. Therefore, removal has a significant effect on the 
meltmg temperature and crystallmity of the oligomer composition. Similarly, the melting 
temperatures of a MPO composition can be significantly increased by adding into the MPO 
composition a significant proportion of the macrocycUc polyester tetramer. 
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In one aspect, the invention relates to aprocess for modifying a physical property of a 

composition having MPOs. The method includes the stepsof(a)providingacomp^^^^^^ 
at least two species of MPOs. and (b) changing th^. weight percentage of at least one species of 
the MPOs in the composition. It should be understood that compositions may have three four 
or five or more species of MPOs present'. In addition, although preferably the weight percentage 
of one species of the MPOs in the compbsition is changed, the invention contemplates changing 
more than one species in a composition. 

hi one embodiment, the physical property to be modified is the melting tempemture of the 
composition. Besides melting temperature, other physical properties that may be modified by the 
metliod of the invention include, for example, crystallinity and viscosity. Modification of a 
selected physical property may be achieved by either increasing or reducmg the weight 
percentage of at least one species of the MFCs in the composition. 

hi one embodiment, tiie weight percentage of at least the species having the highest 
melting temperature is reduced in step (b). Ih oifetkbddiment, the weight percentage of at least 
macrocycUc polyester tetramer is reduced m step (b). In one embodiment, the MPO composition 
includes macrocycUc PBT oligomers, hi another embodiment, ti,e MPO composition includes 
macrocyclic PET oligomers. The MPO teomposition may contahi homo-oligomer, co-oligomer, 
or both, hi one embodiment, a MPO composition mcludes a macrocycUc co-polyester oUgomer 
that has at least about 90% mole percent PBT structural units. 

The proportion of macrocycUc polyester tetramer present in products prepared by 
reactions under tiiermodynamic control is generally greater than the proportion resulting from 
reactions under kinetic control. An example of a thermodynamically controlled reaction is 
depolymerization. The reaction of a diol witti a dicarboxyUc acid chloride is chiefly kmeticaUy 
controlled. 

hi one embodiment, the proportion c^ma^^rt^ijj^aic polyester tetramer re^^^^ 
to the invention is at least 60% by weight of the to^ amount of tiie macrocycUc polyester 
tetramer in the oligomer composition as origmaUy prepared. The amount of macrocyclic 
polyester tetter present can vary according to tiie metfiod of preparation of tiie oUgomer 
composition. In anotiier embodiment, at least 70% of tiie macrocycUc polyester tetiamer is 
removed, hi yet anotiier embodunent. at least 90% removal is performed. 

hi one embodunent. tiie reduction of tiie weight percentage of tiie macrocycUc polyester 
tetramer results in its weight percentage m tiie modified composition to be 60% less tiian its 
weight percentage m an equiUbrated mi^ure of tiie MPOs accordmg to tiie mefliod of 
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preparation. In another embodiment, th^ weight percentage reduction is 70%. hi yet another 
embodiment, the weight percentage reduction is 90%. 

Any processes that result in modification of the weight percentage of a species of the 
MPOs may be employed. The effectiveriess of such processes may be dependent on factors 
including the nature of the original Mp6 composition and the particular species the proportion of 
which is to be modified. Illustrative examples of such processes include distillation, fractional 
crystallization, anti-solvent precipitation, addition and mixing, chemical reactions, etc. 

In one embodiment, removal of a species of MPOs is achieved by fractional 
crystallization. In one embodiment, the macrocyclic. polyester tetramer is removed by fractional 
crystaUization firom a solution of the MPO composition. Any solvent that faciUtates fractional 
crystallization may be employed. Hlustrative suitable solvents include aromatic hydrocarbons 
and halogenated aromatic hydrocarbons,^ such as toluene, xylene and o-dichlorobenzene (ODCB). 
For example, in one embodunent, a 5% by weight solution of oUgomer composition in ODCB at 
1 10°C is cooled to ambient temperature of about 25°C. whereupon a precipitate forms that 
1 5 contains a major proportion of the tetrarner. 

In one embodiment, removal of the macrocyclic polyester tetramer is achieved by anti- 
- solvent precipitatioa Illustrative suitable non-solvents include aliphatic hydrocarbons, especially 
those in the Ce-io range such as hexane, heptane, octane and decane. In one preferred 
embodiment, heptane is used. 

hi one embodiment of a process of removiiig macrocydic polyester tetramer by anti- 
solvent precipitation, the non-solvent is added to the MPO solution at an elevated temperature, in 
the range of about 80-120°C, after which the mixture is allowed to cool to a lower temperature, 
typically no higher than about 70°C since at lower temperatures substantial amounts of other 
oligomers, or the MPO composition in its entirety, may be precipitated. The amount of non- 
solvent added is most often about 90-1 1 0% by volume of solvent used. Upon cooling to this 
lower temperature, a precipitate forms that is predominantly the macrocyclic polyester tetramer. 
A minor proportion of the macrocyclic polyester tetramer originally present usually remams m 
the MPO composition in solution. However, the remaining macrocycUc polyester tetramer does . 
not have a significant effect on the meltiiig temperature and crystallinity of the MPO 
30 composition. 

The MPO species removed may be reused" fer'viious purposes. In one embodiment, the 
MPO species, e.g., macrocyclic polyester tetramer.'is polymerized separately or in combination 
with other MPOs or linears to produce Imear polyester, hi another embodunent, the MPO 



20 



25 
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species is equilibrated with linear polyester that is intended to be depolymerized,. either before or 
during the depolymerization reaction. Depolynierization of a mixture of linear polyester and the 
MPO species removed from a MPO composition provides an oligomeric product that has the 
same distribution of oligomers as that obtained frbni linear polyester alone, showing that 

5 equilibration is essentially complete. 

The apparatus for performing the above modification processes may be any conventional 
apparatus. The actual apparatus will depend on the actual process being employed. In one 
embodiment for performing fractional crystallization (referring to FIG. 1), an ^paratus for 
producing the compositions of the invention may include a reactor vessel 110 in which the 

10 reaction constituents 120, e.g., linear polyester, solvent and depolymerization catalyst, are 
combined and the depolymerization reaction conducted. Subsequently, the product mixture 
passes through a filter 130 to remove linears. The filtrate may pass into a second vessel 140 
where it is cooled to room temperature dither in the presence or absence of aliphatic hydrocarbon 
as non-solvent to precipitate a species of MPO, e.g., the tetrameric species. The filtrate is then 

1 5 passed through another filter 150 which removes the precipitate, e.g., macrocyclic polyester 
tetramer. The precipitated macrocyclic polyester oligomers can be removed from the filter 150 
and recycled to the reactor vessel 110. Further vessels may be employed downstream to isolate 
the product in the desired form and to remove non-solvent when it is employed. 

In a preferred embodiment of the invention, a MPO composition includes at least two 

20 species of MPOs wherein the species having the highest melting temperature is present in an 
amount less than or equal to 10%, preferably less than or equal to 5%, more preferably less than 
or equal to 3%. 

In one embodiment, the MPOs in the MPO composition have a DP from 2 to about 20. 
In another embodiment, the MPOs have a DP from 2 to about 10. In another embodiment, the 
25 MPOs have a DP from 2 to about 8. In yet another, embodiment, the MPOs have a DP from 2 to 
about 6. 

In one embodiment, the species having the highest melting temperature is macrocyclic 
polyester tetramer. In one embodiment, 'the MPO composition includes macrocyclic PBT 
oligomers. In another embodiment, tiie MPO composition includes macrocyclic PET oligomers. 
30 The MPO composition may contain homo-oligomer, co-oligomer, or both. In one embodiment, 
the MPO composition includes a macrocyclic co-polyester oligomer that has at least about 90% 
mole percent PBT structural units. 
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In one embodiment, the MPO composition includes 30-40% macrocyclic polyester 
dimers, 30-45% macrocyclic polyester trimers, 0-5% macrocyclic polyester tetramers, and 5-20% 
macrocyclic polyester pentamers. In some embodiments, the percentage of macrocyclic polyester 
tetramers preferably is less than about 3%, more preferably less than about 2%, or most 
preferably less than about 1 %. ' 

In one embodiment, the MPO composition includes a filler. In another embodhnent, the 
MPO composition includes a polymerization catalyst. In another embodiment, the MPO 
composition is part of a prepreg composition. 

MPO compositions in which a major proportion of the macrocycUc polyester tetramer has 
been removed have melting temperatures significantly lower than those of corresponding 
compositions containing macrocyclic polyester tetramer in the original proportions, i.e., the 
unmodified product mixtures (equilibra^d or nearly equilibrated) of the MPO-forming reactions. 
The melting temperatures typicaUy are wide ranges by reason of the various kinds of MPO 
molecules in the MPO compositions. The most pronounced decrease in temperature is in the 
upper value of the range, i.e., the temperature at which the last trace of soUd melts. Typically, 
the upper value of the melting temperature range of a modified MPO composition may be from 
about 15°C to as much as 70«C lower than the upper value for the unmodified original MPO 
composition. 

This decrease in melting temperature is typically accompanied by a significant decrease in 
20 crystallinity, particularly upon heating above the melting temperature followed by quenching. 
Thus, MPO compositions in which macrocyclic polyester tetramer has been removed can be 
quenched and used to impregnate fibrous or other fiUers, whereupon apr6preg composition 
capable of being draped and shaped is produced. 

in. Polymerization catalysts 

Polymerization catalysts that may be employed in the invention are capable of catalyzmg 
the polymerization of MPOs. Organotm and organotitanate compounds are preferred catalysts, 
although other catalysts may be used. For example, organotin compound 1,1,6,6-tetra-n-butyl. 
l,6-distanna-2,5,7,10-tetraoxacyclodecane may be used as polymerization catalyst. Other 
iUustrative organotin compounds include n-butyltm(IV) chloride dihydroxide, dialkyltin(IV) 
30 oxides, such as di-n-butyltin(IV) oxide and di-n-octyltin oxide, and acyclic and cyclic 

monoalkyltin (IV) derivatives such as n-butyltin tri-n-6utoxide, dialkyltin(IV) dialkoxides such 
as di-n-butyltin(IV) di-n-butoxide and 2.2-di-n-butyi-2-stanna-l,3-dioxacycloheptane, and 



25 
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trialkyltin alkoxides such as tributyltin ethoxide. See, e.g., U.S. Patent No. 5,348,985 to Pearce 
et al 

Also, trisstannoxanes having the general formula (I) shown below can be used as a 
polymeri2ation catalyst to produce branched polye^er polymers. 

R2 




where R2 is a Cm primary alkyl group and R3 is Cmo alkyl group. 

Additionally, organotin compoimds with the general formula (II) shown below can be 
1 0 used as a polymerization catalyst to prepare .branched polyester polymers from MPOs. 
(H) 



R3 O- 

V 



-Q R: 

V 

■c/ 



\ 



1 5 where R3 is defined as above. I 

As for titanate compounds, tetra(2-ethylhexyl) titanate, tetraisopropyl titanate, tetrabutyl 
titanate, and titanate compoimds with the general formula (ID) shown below can be used as 
polymerization catalysts. 
(HI) 
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wherein: each R4 is independently an alkyl group, or the two R4 groups taken together form a 
divalent aliphatic hydrocarbon group; R5 is a C^o divalent or trivalent aliphatic hydrocarbon 
group; Rfi is a methylene or ethylene group; and n is 0 or 1 . 

Typical examples of titanate compounds with the above general formula are shown in 
5 Table!. 

Table 1. Examples of Titanate Compounds Having Formula (HT) 

^/ \ /\h3 



C4H9C 

Di-l-butyl 2,2-dimethylpropane- 
1,3-clioxytitanate 



C4H9< 



CH2CH2CH3 



Di-l-butyl 2(l.propyI)-2- 
mcthylpropane-l,3-dioxytitatoalje 




Di(2^thyl-l-hexyl) 2,2-dimethyJpropane. 
1,3-dioxytitanate 

C3H7; 

Di(2-ethyl-l-hexyl) 2-(l-propyl)-2- 
metfayipropane-l^-diaxytitanate 

C,H,7c/ \ / C4H9 



. ■ C4Hj(/ Nd /^CHjCHs 

. Di-l-butyl 2,2-dietfaylpropanc- 
13-dioxytitanate 

AH7 
QHsC^ O / 

A 

C4H9O o ^ 

Di-l-butyl 2-ethyIhexane- 
l,3-dio>otitanatc 

CgHnO O— C2H5 



V V 

[17/ \> ^ C2H5 



Di(2-ethy].l-hexyI)2,2-diethyIpropane- 
,^ 1,3-dioxytitanate 

AH7 




Di(2.ethyl.l-hexyl) 2-ethyJhexane- 
1,3-dioxytitanate 



Dif2-ethyl-l-hexyl) 2-{l^butyI)-2- 
cthylpropane-l^-dioxytitanate 
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Table 1. Examples of Titanate Compounds Having Fonnula (HI) (Cont'd) 




o o- 

Bi5(2,2-diinethyl-l,3-propylene) titanate 



C2H5 



CH, CaHs 




Bis(2,2-diethyI-l,3-propyIene) titanate 




/ C3H7 




Bis(2-(l-propyl)-2-raethyl-I,3-propylene) titanate Bis(2-(l-butyl)-2-ethyl-l,3-propyiene) titanate 

P 




C4H9O — Tr 



C2H5 



/ 




CH3 



Bis(2-«thyl-l,3-hexylene) titanate 

r 

CgHnO — Tr 



1 -i 1 -Butoxy>4-roethyl-2,6,7-trioxa- 
l-titanabicyclo[2,2,2]OGtane 




C4H9O — Tj 




C2H5 



l-(2-ethyI-l-hexoxy>4-methyI-2,6,7-trioxa- 
l-titanabicyclo[2,2,2]octane 



C2H5 



l-(2-ethyI-l-hexoxy)-4-ethyl-2,6,7-tri6xa- 
l-titanabicycIo[2,2i]octane 




/ 

H3G— CH^ 



1 -( 1 -Butoxy)-4-ethyl-2,6,7-trioxa- 
l-titanabicycio[2,2,2]octane 

,CH, 



O — Ti 




C2H5 



l-(2-Propoxy)-4-ethyl-2,6,7-trioxa- 
1 -titanabicyclo[2^2]octane 



Titanate ester compounds having at least one moiety of tbe following general fonnula 
have also been used as polymerization catalysts: . 
(IV) 

'R7 




or 
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(V) 




wherein: 

each R7 is independently a C2.3 alkylene group; 
5 Rg is a C1.6 alkyl group or unsubstituted or substituted phenyl group; 

Z is O or N; provided ^en Z is O, m = n = 0, and when Z is N, m = 0 or! and m + n = 1 ; 
each R9 is independently a C2-6 alkylene group; and q is 0 or 1. 

Typical examples of such titanate compounds are shown below as fonnula (VI) and 
formula (VE): 

10 (VI) 



(vn) 





A A 

O O C4H8-^0 \ 
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IV. The Blend lvrflt«.Hal 

A blend material comprising MPOs and a polymerization catalyst allows for easy 
production, storage, transportation and processing. From the standpoint of ^pUcations, the 
blend material is a one-component ready-to-use mixture. The blend material may also be 
processed like a thermoset whUe producing a thermoplastic. Furthermore, the blend material 
may eliminate the need for existing equipment to be modified to allow for transfer of the MPO 
aad a polymerization catalyst into the equipment in the appropriate amounts at the appropriate 
time and at the appropriate temperature. 
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In one aspect, the invention relates to a blend material comprising a MPO composition 
with a modified physical property (e.g., the melting temperature as described above) and a 
polymerization catalyst. 

There is no limitation with respect to the physical form of the MPO when mixed with the 
5 polymerization catalyst as long as the MPO remains substantially chemically intact. In one 
embodiment, the MPO is a solid such as a powder. Li this embodiment, mechanical mixing 
typically is used to mix MPO with a polymerization catalyst. In another embodhnent, the MPO 
is mixed in the presence of a solvent with the solvent remaining present during the step of 
mixing. 

10 In one embodiment, the blend material also includes a filler as described above. 

Illustrative examples of such fillers include pigments, light weight fillers, flame retardants, and 
ultraviolet light stabilizers. For example, calcium carbonate may be used to increase the 
thickness of a polyester polymer product to improve its mechanical performance. Also, glass 
microspheres may be added to lower the density of the product Other fillers hiclude nanoclays, 

1 5 e.g., to increase the modulus of the product, organo .bromides in combination with antimonium 
oxides, e.g., to impart flame resistance, and coloraiits such as carbon black or titanium dioxide. 

The filler is added generally between about 0. 1% and 70% by weight, between about 25% 
and 70% by weight, or between about 2% and 5% by weight depending on the filler and the 
purpose for adding the filler. For example, the percentage is preferably between 25% and 50% 

20 by weight in the case of calcium carbonate, between 2% and 5% by weight in the case of 

nanoclays, between 0.1% and 1% in the -case of pigments, and between 25% and 70% by weight 
in the case of glass microspheres. 

A process for preparing the blend material mcludes providing a MPO and mixing the 
MPO with a polymerization catalyst. When preparing the blend, the MPO and the 

25 polymerization catalyst may be mixed together by Various means. For example, any 

conventional mbcer or blender may be employed ta mix the MPO with the polymerization 
catalyst via agitation at temperatures below the meltmg temperature of the MPO. This process 
may be conducted under an inert atmosiihere such as a nitrogen atmosphere. 

A solvent may also be employed' to assist in the uniform mixing.of the,MPQ^vyith 

.30 polymerization catalyst. Various solvents can be used, and there is no limitation with respect to 
the type of solvent that may be used other than that the solvent is substantially firee of water. 
Illustrative examples of solvents that may be employed in the invention include methanol. 
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ethanol, isopropanol, acetone, methyl ethyl ketone, benzene, toluene, o-xylene. chlorobenzene. 
dichloromethane. and chlorofonn. 

There is no limitation with respect to the amount of solvent to be employed other than 
that the amount results in a uniform mixing of the MPO and the polymerization catalyst. In one 
embodiment, the blend of MPO with the polymerization catalyst is isolated either by direct 
removal of the solvent via evaporation or by precipitation via addition of the mixture mto a 
nonsolvent hi another embodiment, the blend of solid ingredients is further dried mider vacumn 
at elevated temperatures below the melting temperature of the MPO to remove any residual 
solvent. 

A process for preparing the blend material further having at least one filler, or any other 
additional material, is generally the same as described above, however, the characteristics of the 
filler and/or additional materials must ht considered. It should be understood that the MPO. the 
polymerization catalyst, the filler, any additional material(s) and/or solvent, if used, may be ' 
mixed in any order or sunultaneously aslong as the final composition contains the appropriate 
15 amount of each ingredient. 

It is within the scope of the invention to employ one, two or more different fillers in 
. preparing a blend material of MPO and polymerization catalyst. Unless specifically stated 
otherwise, any embodiment of a composition, article or process that refers to filler in singular 
also includes an embodiment wherein two or more different fillers are employed. Similarly, 
unless stated otherwise, any embodunent of a composition, article or process that refers to fillers 
m plural also includes an embodiment wherein one filler is employed. 

In one embodiment of the mvention, the amount of polymerization catalyst employed is 
generally about 0.01 to about 10.0 mole^ercent, preferably about 0.1 to about 2 mole percent, 
and more preferably about 0.2 to about 0.6 mole percent based on total moles of monomer rt^t 
25 units of the MPO. 

Although dependent on the particular composition of the blend material, blend materials 
typically exhibit a shelf Ufe generally longer than a week, and preferably longer than a month, 
and more preferably longer than a year when stored at ambient temperature. 

It is within the scope of the invention to employ one,, two or mor« different . • - 
polymerization catalysts in preparing a blend of MPO and polymerization catalyst. Unless 
specificaUy stated otherwise, any embodiment of a composition, article or process that refers to 
polymerization catalyst in singular also includes an embodiment wherein two or more different 
polymerization catalysts are employed, ^imilarly, unless stated otherwise, any embodiment of a 



20 



30 



BNSDOCID: <WO_0222738A2_L> 



wo 02/22738 



PCT/USOl/27648 



-17- 

composition, article or process that refers to polymerization catalyst in plural also includes an 
embodiment wherein one polymerization catalyst is employed. Two or more polymerization 
. catalysts may be used to vary the rate of polymerization and to produce polyesters with variable 
degrees of branching. 

5 V. Polymerization of MPOs 

In another aspect, the invention relates to a process for polymerizing a MPO composition 
that mcludes the steps of (a) providing a MPO composition with a modified physical property 
(e.g., the melting temperature as described above), (b) providing a polymerization catalyst, and 
(c) polymerizing the MPOs. The MPOs and the polymerization catalyst may be components of a 

1 0 blend material. Therefore, in one embodunent, a process for polymerizing a MPO composition 
includes the steps of (a) providing a blend material having a MPO composition with a modified 
physical property, e.g., the meltmg temperature, and (b) polymerizing the MPOs. In one 
embodiment, the polymerization is conducted in the range of 130 °C to 230 °C. 

By reason of the lower melting temperature and* decrease in crystallinity, it is frequently 

15 possible to polymerize the compositions of the present invention to linear polyesters at lower 
temperatures than with previously known MPO compositions. For example, a conventionally 
prepared macrocyclic PBT oligomer composition may require a polymerization temperature (in 
the presence of a conventional thi compound as catalyst) on the order of 190'='C and will not 
polymerize at 150°C. The corresponding composition, fi:om which most of the tetramer has been 

20 removed according to this invention, has been polymerized to hi^ molecular weight PBT at 
temperatures as low as 148**C. 

In other respects, the compositions of MPOs m which tetramers have been removed are 
similar to known MPO compositions in that they may be polymerized under a wide variety of 
conditions in the presence of polymerization cataly^s to linear polyesters havmg a wide variety 

25 of uses. 

Blends of MPOs with catalyst and/or filler may be polymerized in processes such as 
rotational molding, resin film infiision, pultrusion, resin transfer molding, filament winding, 
making and using powder-coated or hot melt prepreg, water slurry process, compression 
molding, and roll wrapping. These processes may be used to form polyester compositions, 
30 including composites, which may be included in articles of manufacture such as carbon fiber golf 
shafts and Ughtweight automotive chassis members, construction materials, and so on. 
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The following examples are provided to further illustrate and to facilitate.the 
understanding of the invention. These sjjecific examples are intended to be illustrative of the 



mventon. 



Example A General Depofynterization Procedure 

Dissolve dry poly(l ,4-butylene terephthalate) (PBT) pellets in dry o- 
dichlorobenzene (ODCB) under inert atmosphere at 180-C. Add a titanate catalyst as a solution 
in ODCB or as a neat solid. The depolymerizationreaction is carried out at about 1 80°C. The 
reaction can be sampled over time to detennine progress. When equilibrium is reached (usually 
within 1 hour), the reaction is cooled to 100°C and water is added to quench the titanate catalyst 
(add about 0.5% water by volume). After quenching, the reaction mixture is concentrated by 
removing 70-95% of the ODCB. This step can be done from 70-180»C by adjustmg pressure 
during the strip. \ 

After the initial concentration step, the reaction is allowed to cool to about 70°C and 
filtered to remove the bulk of the linears which faU from solution. The filtrate, which contams 
the MPOs. is concentrated to about 30% soUds at about 1 ICC. An equal volume of heptane is 
added and the reaction is allowed to cool to about '70»G to precipitate the PBT tetramer. Filter to 
remove the PBT tetramer and pass the filtrate through a colmnn of alumina to remove residual . 
linears. Pure MPOs are then isolated by heptane precipitation or by concentration. 

PBT used in these experiments was produced by General Electric (Valox 315 grade) and 
was dried in vacuo at about 120°C before use. Anhydrous ODCB was used as received from 
Aldrich. Titanate catalysts were preparai from tetraisopropyl titanate from DuPont that was 
vacuum distilled prior to use. Diols that were dried over molecular sieves. AH other reagent 
grade solvents and chemicals were used as received. 

PIPLC analysis was used to characterize the composition of the MPOs and to follow 
progression of depolymerization reactiohs. HPLC analysis was conducted using a Hewlett 
Packard Series 1050 chromatography system. Samples were eluted at 1.5 ml/min through a 4.6 x 
15 cm Zorbax Eclispe XBD-C8 column at W'C/' A'liliear acetonitrilerwater gradient which 
ramped from 50:05 to lOO.-O over 18 min was used.'. Analysis vras calibrated using pure PBT 
dimer which was isolated by vacmmi sublimation. MPOs were quantified using phenanthrene as 
an internal caUbration standard. Peaks were measured at 254 nm with a UV detector. 

Analyses for polymer M^ were conducted using a Hewlett Packard Series 1 100 
chromatography system. Samples were .eluted at 1 ml/min with chloroform through a bank of 
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two Phenomenex Phenogel Spim linear 300 x 7.8 "mm columns at 40'*C, Peaks were detected 
with a UV detector at 254 nm and the instrument was calibrated using polystyrene standards. 

HPLC retention times of MPOs are shown in Table 1 . Melting range data of select MPO 
compositions is shown in Table 2. ' 

5 



Table 1. HPLC Retention Times of Select MPOs 



MPO 


Dimer (PBT) 


Trimer (PBT) 


Tetramer (PBT) 


Pentamer (PBT) 


HPLCTr(min.) 


6.8 


11.5 


13.6 


15.4 



Table 2. Melting Ranges of Select MPO Compositions 



Sample 


%Dimer 


%TrimCT 


%Tetramer 


%Pentamer 


% co-MPO 


Melt Range 


a 


13.1 


12.9 


51.9 


it;7 ' 


9.3' 


175-218 


b 


2 


46.7 


29.8 


21.5 


0 


120-215 


c 


32.2 


38.2 


16.6 


13.1 


0 


120-200 


d 


34.5 


29.9 


12.8, 


11.2 


13.8 


125-175 


e 


30.6 


34.3 


10.2 


10.2 


14.2 


125-168 


f 


37.1 


37 


1.48 


10 


14.5 


125-148 



10 Example 1 

A 222 g sample of commerciallY available PBT was dissolved in 1,450 g (1,107 ml) of 

ODCB and depolymerized in the presence of 2,8 mole percent of a mixed l,4-butanediol/2- 

methyl-2,4-pentanediql (4.3: 1 molar) titanate catalyst. MPOs were obtained in the amoimt of 

1 L4 g, or 5 1 .8% of theoretical. 
15 The reaction mixture was quenched with water at 100°C and ODCB was distilled off to a 

MPO concentration of 1 1% by weight (71 ml of ODCB). A sample was removed and stripped of 

solvent; it was found to have a melting temperature of 100-210'^C. 

Heptane, 71 ml, was added to the remaining oligomer composition at 1 lO^C and the 

reaction mixture was allowed to cool to 70**C, whereupon a precipitate formed. The mixture was 
20 filtered; the filtration residue was found by HPLC analysis to contain about 96% by weight of the 

tetramer in the reaction product. The filtrate was poured mto an excess of heptane to precipitate 

the remaiiiingoSgomers winch werelr^ 

Example 2 

A 250 ml round-bottomed flask equipped with a magnetic stirrer was charged with 85 g 
25 (64 ml) of ODCB and 1 5 g of a macf ocyclic PBT oligomer composition prq>ared by the reaction 
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Of terephthaloyl chloride with bis(4.hydix)xybutyl) terephthalate. A control sample of the 
oligomer composition was found to have a meltmg temperature of 1 00-1 80°C. 

Heptane, 64 ml, was added slowly to the remaining oligomer composition at 1 10''C and 
the reaction mixture was allowed to cool over 1 hour to 75°C, whereupon a precipitate fonned. 
The mixture was filtered; the filtration residue was found to contain about 90% by weight of the 
cyclic tetramer in the reaction product. The filtrate was poured into an excess of heptane to 
precipitate the remaining oUgomers which were found to have a melting temperature of 100- 
130»C. 

Examples 

A 3 1 round-bottomed flask equipped with a magnetic stirrer and thermometer was 
charged with 700 g (534 ml) of ODCB and 300 g of a macrocyclic PBT oligomer composition 
prepared by the reaction of terephthaloyl chloride with 1,4-butanediol. A control sample of the 
oligomer composition was found to have a melting temperature of 120-1 75°C. 

The mixture was heated to 1 lO'C to dissolve aU of the oligomers and heptane, 534 ml, 
was added slowly at 1 10°C. The reaction mixture was allowed to cool to 75°C. whereupon a 
precipitate fonned. The mixture was filtered; Ihe.el.tration residue was found to contain about 
73% by weight of the cyclic tetramer in the reactioi^ product. The filtrate was poured into an 
excess of heptane to precipitate the remaining oligomers which were found to have a melting 
temperature of 120-158'*C. 

20 Example 4 

A 5% (by weight) solution in ODCB of macrocycHc PBT oligomers, prepared as 
described in Example 1, was found to b^ a homogeneous Uquid at 1 10°C. Upon cooling to room 
temperature, a precipitate deposited from the solution. The precipitate was found by analysis to 
be 90% pure cyclic tetramer. and to constitute 60% by weight of the tetramer present in the 
25 original oligomer composition. 

Example S 

A 300 mg control sample of the PBT oligpn^er composition employed in Example 2, 
- from which the tetramer hid not been remoVed, was placed in a test tube and submerged in an oil 
bath maintained at 150°C for 10 minutes. The composition did not melt at this temperature. A 
30 sample of the product of Example 2, from which tetramer had been removed, melted when 

heated to the same temperature but ciystallized to an opaque, brittle solid upon cooling. 

... 

f 
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. 

When the product of Example 2 was heated to 1 SO^C and quenched by submersion m 

cold water, it remained transparent, indicating that it was amorphous rather than crystalline £ifter 
quenching. It remained amorphous and tacky after storing at ambient temperature for one month. 
By contrast, the control returned to a brittle, crystalline state upon standing for 48 hoxirs. 

5 Example 6 

A 3 I round-bottomed flask was charged with 3,098 ml of ODCB, 26.3 g of commercially 
available PET pellets, and 4.9 g of tetramer removed from a MPO composition as described in 
Example 3. The resulting mixture was heated to 180®C until all solids were dissolved and a 
titanate catalyst similar to that of Example 1 was added m a similar proportion to PBT. Heating 
10 at 1 80°C was continued for one hour, after which a portion of the mixture was analyzed and 
found to contaiQ MPOs in a proportion similar to that observed in Example 1 . 

While typical embodiments have, been set f6rth for the purpose of illustration, the 
foregoing descriptions and examples should not be deemed to be a limitation on'the scope of the 
invention. Accordingly, various modifications, adaptations, and alternatives may occur to one 
1 5 skilled in the art without departing from;the spirit and scope of the present invention. 

The patents and references referred to above are incorporated by reference including: 
U.S. Patent Nos, 5,039,783, 5,191,013, 5,231,161, 5,348,985, 5,389,719, 5,407,984, 5,466,744, 
5,591,800, 5,661,214, 5,668,186, and 5,710,086. 

What is claimed is: 
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1. A process for modifying a physical property of a composition comprising macrocyclic 
2 polyester oligomers, comprising the steps of: 

(a) providing a composition comprising at least two species of macrocycUc 
polyester oligomers, each of said macrocyclic polyester oligomers comprising a structural 
5 repeat unit of the formula 



1 2. 



1 3. 

2 



1 4. 

2 

1 5. 



1 



1 
2 



? ^ 

6 O A — o — : B — c 

9 

7 wherem 

8 A is an alkylene, a cycloalkylene, or a mono- or polyoxyaikylene group, and 

9 B is a divalent aromatic or alicyclic group; and 

10 (b) changing the weight percentage of at least one species of said macrocycUc 

11 polyester oligomers in said composition. 



The process of claim 1 wherein^aidphysicalproperty is the melting temperature of said 



2 composition. 



The process of claim 1 wherein said at least one species of said macrocyclic polyest. 
oligomers in step (b) is the highest melting temperature macrocycUc polyester oligomer 



3 said composition. 



:er 

in 



The process of claim 1 wherein said at least one species of said macrocycUc polyester 
oUgomers in step (b) comprises at least said macrocyclic polyester tetramer. 

The process of claun 4 wherein 4p (b) comprises reducing the weight percentage of at 



2 least the macrocycUc polyester tetramer. 

1 6. The process of claim 1 wherein said at least two species of macrocyclic polyester 

2 oligomers in step (a) have a degree of polymerization from 2 to 10. 



The process of claim 6 wherein said at least two species of macrocycUc polyester 



2 ollgoniersinstep(a)haveadegreeofpolymerizationfrom2to6. 



The process of claim 1 wherein said composition comprises macrocyclic poly(l,4- 
butylene terephthalate) oUgomers. 
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1 9. The process of claim 1 wherein said composition comprises macrocyclic poly(ethylene 

2 terephthalate) oligomers 

1 10. The process of claim 1 wherein said composition comprises a macrocycUc copolyester 

2 oligomer • 

1 11. The process of claim 10 wherein, said composition comprises a macrocyclic copolyester 

2 oligomer containing at least about 90 mole percent poIy(l ,4-butylene terephthalate) 

3 structural units. 

1 12. The process of claim 1 wherem step (b) comprises performing fractional crystallization. 

1 13. A macrocyclic polyester oligomer composition having a decreased melting temperature 

2 produced by the process of claim 1 . 

1 14. A macrocyclic polyester oligomer composition comprising at least two species of 

2 macrocyclic polyester oligomers; each of said macrocyclic polyester oligomers 

3 comprising a structural repeat unit of the formula 

0 O 

1 II 

4 O A O C B C , 

5 wherein 

6 A is an alkylene, a cycioalkylene or a mono- or polyoxyalkylene group, and 

7 B is a divalent aromatic or alicyclic^gi-o^^ 

8 wherein a species of said macropyclic polyester ohgomers having the highest melting 

9 temperature is present in an amount less than or equal to 5%. 

1 15. The composition of claim 1 4 whferein each of said macrocyclic polyester oligomers has a 

2 degree of polymerization in the range from 2 to about 6. 

1 16. The composition of claim 1 5 wherein said species having the highest melting temperature 
"'*'*'ismiu#6d^cUcp^^ ^v*!- - >.,<i'.i*^ u.. ,^ v^^^*. , . 

1 17. The composition of claim 1 4 wherein said macrocyclic polyester oligomers comprise 

2 macrocyclic poly(l ,4-butylene terephthalate) oligomers. 



BNSCK3CI0: <WO_022273aA2J_> 



wo 02/2273S 



PCT/US»l/27648 



-24- 

1 18. The composition of claim 14 wherem said macrocyclic polyester oligomers comprise 

2 macrocyclic poly(ethylene terephthalate) oligomers. 

1 19. The composition of claim 15 wherein said macrocyclic polyester oligomers comprise j 

2 macrocyclic copolyester oligomer comprising at least about 90 mole percent poly(l ,4- 

3 butylene terephthalate) structural units. 

1 20. The composition of claim 14 further comprising a filler. 

1 21 . The composition of claim 14 further comprising a polymerization catalyst. 

1 22. A prepreg composition comprising the composition of claim 14. 

1 23. A blend material comprising: v 

2 (a) the macrocyclic polyester oligomer composition of claim 14; and 

3 (b) a polymerization catalyst. 

1 24. The blend material of claim 23 further comprising a filler. 

1 25. The blend material of claim 24 wherein said filler is present at a weight 

2 percentage of fi-om 0. 1 % to 70%{ 

1 26. A polyester polymer composite prepared by polymerizing said macrocyclic 

2 polyester oligomers ofsaid blend material of claim 23. 

i 

1 27. An article ofmanufacture comprising said polyesterpolymer composite of claim 

2 26. ' 

1 28. A process for polymerizing a macrocyclic polyester oligomer composition 

2 comprising the steps of: 

3 (a) providing the macrocyclic polyester oligomer composition of claim 14; 

4 (b) providing a polymerization catalyst; and 

5 J^)PO^>^?i^2ingsaidmagrocycUc.pplyesteroU^^ 

1 29. A process for polymerizing a maprocyclic polyester oligomer composition 

2 comprising the steps of: i 

. 3 (a) providing the blend miaterialofclaim 23; and 

4 (b) polymerizmg said macrocyclic polyester oligomers. 
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1 30. The process of claim 29 wherein step (b) is conducted at a temperature between 

2 130°Cand230^C. • ' 

1 31. A macrocyclic polyester oligomer composition comprising 30-40% macrocyclic polyester 

2 dimers, 30-45% macrocyclic polyester trimers, 0-5% macrocyclic polyester tetramers, and 

3 5-20% macrocyclic polyester pentamers, each of said macrocyclic polyester oligomers 

4 comprising a structural repeat uifit of the formula 

0 O 

1 II 

5 O A O C B C , 

6 wherein 

7 A is an alkylene, a cycloalkylene or a mono- or polyoxyalkylene group, and 

8 B is a divalent aromatic or alicyclic group. 

1 32. The composition of claim 3 1 wherein said macrocyclic polyester oligomer composition 

2 comprises less than 3% of macrocyclic polyester tetramers. 

i 
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SPECIES MODIFICATION IN MACROCYCLIC POLYESTER OLIGOMERS, AND 
COMPOSITIONS PREPARED THEREBY 



Technical Field 

This invention generally relates to thermoplastics and articles formed therefrom. More 
particularly, the invention relates to macrocycUc polyester oUgomer compositions and methods 
for modifying physical and chemical properties of the compositions. Even more particularly, this 
iQvention relates to macrocycUc polyester oligomer compositions having relatively low melting 
5 temperatures. 

Background Information 
Linear polyesters such as poly(alkylene terephthalate) are generally known and 
commercially available where the alkylene typically has 2 to 8 carbon atoms. Linear polyesters 
have many valuable characteristics including strength, toughness, high gloss and solvent 

1 0 resistance. Lmear polyesters are conventionally prepared by the reaction of a diol with a 

dicarboxylic acid or its functional derivative, typically a diacid halide or ester. Linear polyesters 
may be fabricated into articles of manufacture by a number of known techniques mcluding 
extrusion, compression molding, and injection molding. Linear polyesters may be produced 
from macrocycUc polyester oUgomers. 

1 5 MacrocycUc polyester oUgomers (MPOs) have unique properties that malce them 

attractive as matrices for engineering thermoplastic composites. These desirable propCTties stem 
from the fact that MPOs exhibit low meU viscosity, allowing them to impregnate a dense fibrous 
preform easUy. Furthermore, certain MPOs melt and polymerize at temperatures weU below the 
melting point of the resxilting polymer. Upon meltmg and in the presence of an appropriate 

20 catalyst, polymerization and crystallization can occur vutually isothermally. As a result, the time 
and expense required to thermally cycle a tool is favorably reduced. 

Generally speaking, MPO compositions have high melting temperatures, which 
necessitate the use of fecial equiprnent in processing not commonly available m polymer 
processing uiuts. If compositions with lower melting temperatures could be produced, it would 

25 be possible to use more readily available processing equipment such as that is commonly used in 
the production and handling of epoxy resins. 
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Summary of the Invention 

Physical and/or chemical properties of MPO compositions may be significantly modified 
by modifying the weight percentage of one or more of tlie constituent MPOs. For example, the 
presence of a single MPO species, the macrocyclic polyester tetramer, has an unexpectedly 
pronounced effect on the melting temperature of a MPO composition. Removal of a portion of 
the macrocyclic polyester tetramer can resuh in low-melting MPO compositions. The resulting 
MPO compositions have the further advantage, under many circumstances, of a greatly reduced 
tendency to crystallize at ambient temperatures, making it possible to combine them with fillers 
such as carbon or glass fibers to produce prepregs easily convertible to filled high molecular 
weight linear polyesters. 

In one aspect, the invention is related to a process for modifying a physical property of a 
composition that includes MPOs. Tlie process includes the steps of (a) providing a composition 
that has at least two species of MPOs, and (b) changing the weight percentage of at least one 
species of the MPOs in the composition. 

In another aspect, the invention is related to a MPO composition that includes at least two 
species of MPOs wherein a species of the MPOs havmg the highest melting temperature is 
present in an amount less than or equal to 5%. In one embodiment, a blend material includes 
such a MPO composition and also a polymerization catalyst. 

In a preferred embodiment, a MPO composition of the mvention comprises 30-40% 
macrocyclic polyester dimers, 30-45% macrocyclic polyester trimers, 0-5% macrocyclic 
polyester tetramers, and 5-20% macrocyclic polyester pentamers. 

The foregoing and other objects, aspects, features, and advantages of the invention will 
become more apparent fi:om the following figures, description, and claims. 

Brief Description of Figures 

The drawings are not necessarily to scale, emphasis instead being generally placed upon 
illustrating the principles of the invention to facilitate its understanding. 

FIG. 1 is a schematic illustration of an embodiment of the invention including a fractional 
crystallization process. 

Detailed Description 

Physical properties, for example, the melting temperatures, of a composition comprising 
MPOs may be modified by modifying the weight percentage of a MPO species, for example, the 
macrocyclic polyester tetramer. A MPO composition having a low melting temperature can be 
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polymerized and processed at lower temperature thereby avoiding the need for special equipment 
not commonly available in polymer processing. 

Definitions 

The following general definitions may be helpful in understanding the various terms and 
5 expressions used in this specification. 

As used herein, "macrocyclic" means a cyclic molecule having at least one ring within its 
molecular structure that contains 8 or more atoms covalently connected to form the ring. 

As used herein, an "oligomer*' means a molecule that contains 2 or more identifiable 
structural repeat units of the same or different formiila. 
10 As used herein, a "macrocyclic polyester oligomer (MPO)" means a macrocyclic 

oligomer containing structural repeat imits having an ester functionality. A MPO typically refers 
to multiple molecules of one specific formula. However, a MPO also may include multiple 
molecules of difierent formulae having varying numbers of the same or different structural repeat 
units. In addition, a MPO may be a macrocyclic co-polyester oligomer (including macrocyclic 
1 5 multi-polyester oligomer), i.e., an oligomer having two or more different structural repeat units 
having an ester functionality within one cyclic molecide. 

As used herein, "degree of polymerization (DP)" means the nimiber of identifiable 
structural repeat units in oligomeric or polymeric backbone. The structural repeat units may have 
the same or different molecular structural. For example, "macrocyclic polyester tetramer" or 
20 "tetramer" refers to MPOs with a DP of 4. 

As used herein, a "species" means MPOs having the same DP. For example, the 
macrocyclic polyester tetramer is one species. 

As used herein, a "macrocyclic polyester oligomer composition" means a composition 
comprising a mixture of MPOs having different DP values, whether or not units of more than one 
25 molecular structure are present. 

As used herein, a "blend material" means a mixture of two or more components including 
at least one MPO and at least one polymerization catalyst. Preferably the blend material is 
uniformly mixed. A blend material may also include a filler as well as other components 
recognized by a skilled artisan. 
30 ^ AsusedlCTein, "substmtia^^ 

oligomer wherein the structural repeat units are substantially identical or substantially two 
different structural repeat units, respectively. 
* . As used herein,^ "an.allQ^lene.group" means -CnH2n-/whe^^ 
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As used herein, "a cycloalkylene group" means a cyclic alkylene group, -CnH2n-x-, where 
X represents the number of H's replaced by cycIi2ation(s). 

As used herein, "a mono- or polyoxyalkylene group" means [-(CH2)ni-0-]„-(CH2)m-, 
wherein m is an mteger greater than 1 and n is an integer greater than 0. 
5 As used herein, "a divalent aromatic group" means an aromatic group with links to other 

parts of the macrocyclic molecule. For example, a divalent aromatic group may include a meta- 
or para- linked monocyclic aromatic group (e.g., benzene). 

As used herein, "an alicyclic group" means a non-aromatic hydrocarbon group containing 
a cyclic structure within. 

10 As used herein, "a filler" means a material other than a MPO or a polymerization catalyst 

that may be included in the blend material. A filler often is included to achieve a desired purpose 
or property, and may be present in the resulting polyester polymer. For example, the purpose of 
the filler may be to provide stability, such as chemical, thermal or light stability, to the blend 
material or the polyester polymer product, and/or to increase the strength of the polyester 

1 5 polymer product. A filler also may provide or reduce color, provide weight or bulk to achieve a 
particular density, provide flame resistance (i.e., be a flame retardant), be a substitute for a more 
expensive material, facilitate processing, and/or provide other desirable properties as recognized 
by a skilled artisan. Illustrative examples of fillers are, among others, fumed silica, carbon.black, 
titanium dioxide, organo bromides in combination with antimonium oxides, calcium carbonate, 

20 chopped fibers, fly ash, glass microspheres, micro-balloons, crushed stone, nanoclay, linear 
polymers, and monomers. 

As used herein, "a polyester polymer composite" means a polyester polymer that is 
associated with another substrate such as, a fibrous or particulate material. Illustrative examples 
of particulate materials are chopped fibers, glass microspheres, and crushed stone. 

25 As used herein, "an equilibrated mixture" means a mixture of MPOs m thermodynamic or 

kinetic equilibration. 

As used herein, "fiber" means any material with elongated structure such as polymer or 
natural fibers. The material can be fiberglass, ceramic fibers, carbon fibers or organic polymers 
such as aramid fibers. 

30 As used herein, a "tow" or "strand" means a group of fibers together, or a bundle of 

fibers, which are usually woimd onto spools and may or may not be twisted. These tows or 
strands can be woven or knitted to form fabrics. 
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As used herein, a "fiber preform" means an assembly of fiber tows and/or fabric held 
together in a desired shape. Typically, fiber prefonns are dry, and often held together with 
various tackifiers. 

As xised herein, a "prepreg" means a fiber material such as carbon fiber, glass fiber, or 
5 other fiber, that has been impregnated with a resin material in sufficient volume as to provide the 
matrix of the composite, and such that the ratio of fiber to resin is closely controlled. The fiber 
configuration can be in tow form, woven or knitted into a fabric, or in a unidirectional tape. 

I. Macrocvclic Polyester Oligomers (MPOs) 

Many different MPOs can readily be made and are useful in the practice of this invention. 
10 MPOs that may be employed in this invention include, but are not lunited to, macrocyclic 
poly(alkylene dicarboxylate) oligomers having a structural repeat unit of the fomiula: 

O 0 

II I 

O A O C B C 

15 where A is an allcylene, or a cycloallcylene or a mono- or polyoxyalkylene group; and B is a 
divalent aromatic or alicyclic group. MPOs that may be employed in this invention may have 
various DP values, e.g., 2 to 20, 2 to 10, 2 to 8, and 2 to 6. 

MPOs may be prepared by known methods. Synthesis of the preferred MPOs may 
include the step of contacting at least one diol of the formula HO-A-OH with at least one diacid 

20 chloride of the formula: 



— B C CI 

where A and B are as defined above. The reaction typically is conducted in the presence of at 
25 least one amine that has substantially no steric hindrance aroxmd the basic nitrogen atom. An 
illustrative example of such an amine is l,4-diazabicyclo[2.2.2]octane (DABCO). The reaction 
usually is conducted under substantially anhydrous conditions in a substantially water immiscible 
organic solvent such as methylene chloride. The temperature of the reaction typically is between 
about -25''C and about 25'*C. See, e.g., U.S. Patent No. 5,039,783 to Brunelle et al 
30 MPOs have also been prepared via the condensation of a diacid chloride with at least one 

bis(hydroxyalkyl) ester such as bis(4-hydroxybutyl) terephthalate. The condensation typically 
occurs in the presence of a highly unhindered amine or a mixture thereof with at least one other 
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tertiary amine such as triethylamine. Usually, a substantially inert organic solvent such as 
methylene chloride, chlorobenzene, or a mixture thereof is used. See, e.g., U.S. Patent No. 
5,23 1 , 1 61 to Brunelle et al. 

Another method for preparing MPOs, including macrocyclic co-polyester oligomers, is to 
5 depolymerize linear polyester polymers in the presence of an organotin or titanate compound. In 
tliis method, linear polyesters are converted to MPOs by heating a mixture of Imear polyesters, an 
organic solvent, and a trans-esterification catalyst such as a tin or titanium compound. The 
solvents used, such as o-xylene and o-dichlorobenzene, usually are substantially free of oxygen 
and water. See, e.g., U.S. Patent Nos. 5,407,984 to Brunelle et al and 5,668,186 to Brunelle et 



It is also within the scope of the invention to employ macrocyclic homo- and co-polyester 
oligomers to produce homo- and co-polyester polymers, respectively. Therefore, unless 
otherwise stated, an embodiment of a composition, article, or process that refers to a MPO may 
also include co-polyester embodiments. 



butylene) terephthalate (PET) are used. Among homopolymeric compositions and in another 
embodiment, MPOs of polyetliylene terephthalate (PET) are used. Among co-polymeric 
compositions and in one embodiment, MPO species contain a major proportion of PBT structural 
units, PET structural units, or both. In one embodiment, MPO species contain at least about 90 
20 mole percent of PBT structural units, PET stmctural units, or both. In another embodiment, 
MPO species contain predominately PBT, and a minor proportion of other units, for example, 
poly(alkylene dicarboxylate) units or ether oxygen-containing units such as those in which A is 
derived from diethylene glycol. 

n. Designing Physical and Chemical Properties of MPO Compositions 
25 In one embodiment, MPO compositions are created that have physical and/or chemical 

properties different from that of the unmodified MPO compositions originally produced. For 
example, the melting temperatures of a MPO composition can be significantly decreased by 
removal from the MPO composition of a major proportion of the macrocyclic polyester tetramer, 
i.e., the oligomer having a DP of 4. This is possible because the tetramer is both high melting 
30 and highly crystalline among the MPOs. Therefore, removal has a significant effect on the 
melting temperature and crystallinity of the oligomer composition. Similarly, the melting 
temperatures of a MPO composition can be significantly increased by adding mto the MPO 
composition a significant proportion of the macrocyclic polyester tetramer. 
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al. 



15 



Among homopolymeric compositions and in one embodiment, MPOs of poly(l,4- 
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In one aspect, the invention relates to a process for modifying a physical property of a 
composition having MPOs. The method includes the steps of (a) providing a composition having 
at least two species of MPOs, and (b) changing the weight percentage of at least one species of 
the MPOs in the composition. It should be imderstood that compositions may have three, four, 
5 or five or more species of MPOs present. In addition, although preferably the weight percentage 
of one species of the MPOs in the composition is changed, the invention contemplates changing 
more than one species in a composition. 

In one embodiment, the physical property to be modified is the melting temperature of the 
composition. Besides melting temperature, other physical properties that may be modified by the 

10 method of the invention include, for example, crystallinity and viscosit)^ Modification of a 
selected physical property may be achieved by either increasing or reducing the weight 
percentage of at least one species of the MPOs in the composition. 

In one embodiment, the weight percentage of at least the species having the highest 
melting temperature is reduced in step (b). In one embodiment, the weight percentage of at least 

15 macrocyclic polyester tetramer is reduced in step (b). In one embodiment, the MPO composition 
includes macrocyclic PBT oligomers. In another embodiment, the MPO composition includes 
macrocyclic PET oligomers. The MPO composition may contain homo-oligomer, co-oligomer, 
or both. In one embodiment, a MPO composition includes a macrocyclic co-polyester oligomer 
that has at least about 90% mole percent PBT stmctural units. 

20 The proportion of macrocyclic polyester tetramer present in products prepared l)y 

reactions under thermodynamic control is generally greater than the proportion resulting firom 
reactions under kinetic control. An example of a thermodynamically controlled reaction is 
depolymerization. The reaction of a diol with a dicarboxylic acid chloride is chiefly kinetically 
controlled. 

25 In one embodiment, the proportion of macrocyclic polyester tetramer removed according 

to the invention is at least 60% by weight of the total amoimt of the macrocyclic polyester 
tetramer in the oligomer composition as originally prepared. The amoimt of macrocyclic 
polyester tetramer present can vary according to the method of preparation of the oligomer 
composition. In another embodiment, at least 70% of the macrocyclic polyester tetramer is 

30 removed. In yet another embodiment, at least 90% removal is performed. 

In one embodiment, the reduction of the weight percentage of the macrocyclic polyester 
tetramer results in its weight percentage in the modified composition to be 60% less than its 
weight percentage in an equilibrated mixture of the MPOs according to the method of 
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preparation. In another embodiment, the weight percentage reduction is 70%. In yet another 
embodiment, the weight percentage reduction is 90%. 

Any processes that result in modification of the weight percentage of a species of the 
MPOs may be employed. The effectiveness of such processes may be dependent on factors 
5 including the nature of the original MPO composition and the particular species the proportion of 
which is to be modified. Illustrative examples of such processes include distillation, fractional 
crystallization, anti-solvent precipitation, addition and mixing, chemical reactions, etc. 

In one embodiment, removal of a species of MPOs is achieved by fractional 
crystallization. In one embodiment, the macrocyclic polyester tetramer is removed by fractional 
10 crystallization from a solution of the MPO composition. Any solvent that facilitates fractional 
crystallization may be employed. Illustrative suitable solvents include aromatic hydrocarbons 
and halogenated aromatic hydrocarbons, such as toluene, xylene and o-dichlorobenzene (ODCB). 
For example, in one embodiment, a 5% by weight solution of oligomer composition in ODCB at 
1 10°C is cooled to ambient temperature of about 25°C, whereupon a precipitate forms that 
1 5 contains a maj or proportion of the tetramer. 

In one embodiment, removal of the macrocyclic polyester tetramer is achieved by anti- 
solvent precipitation. Illustrative suitable non-solvents include aliphatic hydrocarbons, especially 
those in the Ce-io range such as hexane, heptane, octane and decane. In one preferred 
embodiment, heptane is used. 
20 In one embodiment of a process of removing macrocyclic polyester tetramer by anti- 

solvent precipitation, the non-solvent is added to the MPO solution at an elevated temperature, in 
the range of about 80-120®C, after which the mixture is allowed to cool to a lower temperature, 
typically no higher than about 70°C since at lower temperatures substantial amounts of other 
oligomers, or the MPO composition in its entirety, may be precipitated. The amount of non- 
25 solvent added is most often about 90-1 10% by volume of solvent used. Upon cooling to this 
lower temperature, a precipitate forms that is predominantly the macrocyclic polyester tetramer. 
A minor proportion of the macrocyclic polyester tetramer originally present usually remains in 
the MPO composition in solution. However, the remaining macrocyclic polyester tetramer does 
not have a significant effect on the melting temperature and crystallinity of the MPO 
30 composition. 

The MPO species removed may be reused for various purposes. In one embodiment, the 
MPO species, e.g., macrocyclic polyester tetramer, is polymerized separately or in combination 
witli other MPOs or linears to produce linear polyester. In another embodiment, the MPO 
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species is equilibrated with linear polyester that is intended to be depolymerized, either before or 
during the depolymerization reaction. Depolymerization of a mixture of linear polyester and the 
MPO species removed from a MPO composition provides an oligomeric product that has tlie 
same distribution of oligomers as that obtained from linear polyester alone, showing that 
5 equilibration is essentially complete. 

The apparatus for performing the above modification processes may be any conventional 
apparatus. The actual apparatus will depend on the actual process being employed. In one 
embodiment for performing fractional crystallization (referring to FIG. 1), an apparatus for 
producing the compositions of the invention may include a reactor vessel 110 in which the 

10 reaction constituents 120, e.g., linear polyester, solvent and depolymerization catalyst, are 
combined and the depolymerization reaction conducted. Subsequently, the product mixture 
passes through a filter 130 to remove linears. The filtrate may pass into a second vessel 140 
where it is cooled to room temperature either in the presence or absence of aliphatic hydrocarbon 
as non-solvent to precipitate a species of MPO, e.g., the tetrameric species. The filtrate is then 

15 passed through another filter 150 which removes the precipitate, e.g., macrocyclic polyester 
tetramer. The precipitated macrocyclic polyester oligomers can be removed from the filter 150 
and recycled to the reactor vessel 110. Further vessels may be employed downstream to isolate 
the product in the desired form and to remove non-solvent when it is employed. 

In a preferred embodiment of the invention, a MPO composition includes at least two 

20 species of MPOs wherein the species having the highest melting temperature is present in an 
amount less than or equal to 10%, preferably less than or equal to 5%, more preferably less than 
or equal to 3%. 

In one embodiment, the MPOs in the MPO composition have a DP from 2 to about 20. 
In another embodiment, the MPOs have a DP from 2 to about 10. In another embodiment, the 
25 MPOs have a DP from 2 to about 8. In yet another embodiment, the MPOs have a DP from 2 to 
about 6. 

In one embodiment, the species having the highest melting temperature is macrocyclic 
polyester tetramer. In one embodiment, the MPO composition includes macrocyclic PBT 
oligomers. In another embodiment, the MPO composition includes macrocycUc PET oligomers. 
30 The MPO composition may contain homo-oligomer, co-oligomer, or both. In one embodiment, 
the MPO composition includes a macrocycUc co-polyester oligomer that has at least about 90% 
mole percent PBT structural units. 
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In one embodiment, the MPO composition includes 30-40% macrocyclic polyester 
dimers, 30-45% macrocyclic polyester trimers, 0-5% macrocyclic polyester tet-amers, and 5-20% 
macrocyclic polyester pentamers. In some embodiments, the percentage of macrocyclic polyester 
tetramers preferably is less than about 3%, more preferably less than about 2%, or most . 
5 preferably less than about 1 %. 

In one embodiment, the MPO composition includes a filler. In another embodiment, the 
MPO composition includes a polymerization catalyst. In another embodiment, the MPO 
composition is part of a prepreg composition. 

MPO compositions in which a major proportion of the macrocyclic polyester tetramer has 
10 been removed have melting temperatures significantly lower than those of corresponding 
compositions containing macrocyclic polyester tetramer in the original proportions, i.e., the 
unmodified product mixtures (equilibrated or nearly equilibrated) of the MPO-fonning reactions. 
The melting temperatures typically are wide ranges by reason of the various Icinds of MPO 
molecules in the MPO compositions. The most pronounced decrease in temperature is in the 
1 5 upper value of the range, i.e., the temperature at which the last trace of solid melts. Typically, 
the upper value of the melting temperature range of a modified MPO composition may be firom 
about 15**C to as much as 70°C lower than the upper value for the unmodified original MPO 
composition. 

This decrease in melting temperature is typically accompanied by a significant decrease in 
20 crystallinity, particularly upon heating above the melting temperature followed by quenching. 
Thus, MPO compositions in which macrocyclic polyester tetramer has been removed can be 
quenched and used to impregnate fibrous or other fillers, whereupon a prepreg composition 
capable of being draped and shaped is produced. 

m. Polymerization catalysts 

25 Polymerization catalysts tliat may be employed in the invention are capable of catalyzmg 

the polymerization of MPOs. Organotin and organotitanate compounds are preferred catalysts, 
although other catalysts may be \ised. For example, organotin compound 1,1,6,6-tetra-n-butyl- 
1 ,6-distanna-2,5,7, 1 0-tetraoxacyclodecane may be used as polymerization catalyst. Other 
illustrative organotin compounds include n-butyltin(IV) chloride dihydroxide, dialkyltin(IV) 

30 . oxides, such as di-n-biityltin(iy) oxide and di-n-octyltin oxide, and acyclic and cycU^ . 

monoalkyltin (IV) derivatives such as n-butyltin tri-n-butoxide, dialkyltin(IV) dialkoxides such 
as di-n-butyltin(IV) di-n-butoxide and 2,2-di-n-butyl-2-stanna-l,3-dioxacycloheptane, and 
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trialkyltin alkoxides such as tributyltin ethoxide. See, e.g., U.S. Patent No. 5,348,985 to Pearce 
etal 

Also, trisstannoxanes having the general formula (J) shown below can be used as a 
polymerization catalyst to produce branched polyester polymers. 
(I) 




where R2 is a Cm primary alkyl group and R3 is Cmo alkyl group. 

Additionally, organotin compounds with the general formula (U) shown below can be 
1 0 used as a polymerization catalyst to prepare branched polyester polymers from MPOs. 
(H) 



R3 O" 

V 



s 

.c/ 



/ 

n 

\ 



1 5 where R3 is defined as above. 

As for titanate compoimds, tetra(2-ethylhexyl) titanate, tetraisopropyl titanate, tetrabutyl 
titanate, and titanate compounds with the general formula (m) shown below can be used as 
polymerization catalysts. 

m 



20 




R«\ 
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wherein: each R4 is independently an alkyl group, or the two R4 groups talcen together form a 
divalent aliphatic hydrocarbon group; R5 is a C2.10 divalent or trivalent aliphatic hydrocarbon 
group; R6 is a methylene or ethylene group; and n is 0 or 1. 

Typical examples of titanate compounds with the above general formula are shown in 
5 Table 1. 

Table 1. Examples of Titanate Compounds Having Formula (III) 




Di-l -butyl 2,2-dimethylpropane- 
1,3-clioxytitanate 




C4H9< 



CH2CH2CH3 



Di-1 -butyl 2(l-propyl>2- 
methylpropane- 1 ,3-dioxytitanate 



C4H9(^ O 
Ti 




,CH2CH3 



CH2CH3 



C4H9 

Di-1 -butyl 2,2-diethylpropane- 
1,3-dioxytitanate 

AH7 



C4H9(^ 0 
Ti 

C4H9(/ \ 

Di-1 -butyl 2-ethylhexane- 
U3-dioxytitanate 




C2H5 




Di(2-ethyl-l -hexyl) 2,2-dimethylpropane- 
1,3-dioxytitanate 




CgHn" 



C3H7 



Di(2-ethyl-l-hexyl) 2-(I-pfDpyl)-2- 
methylpropane- 1 ,3-dioxytitanate 

c^Hnq^^o C2US 

CgHnc/ \) ^ 'C4H9 



C8H,7<^ O 

Ti 



CgHj 




C2H5 



C2H5 



Dl(2-ethyl-l -hexyl) 2,2-diethylpropanc- 
1,3-dioxytitanate 

AH7 



C2H5 



Di(2-ethyl-l -hexyl) 2-ethylhcxane- 
l,3-<iioxytitanate 




Di(2-ethyl-l-hcxyl) 2-(l-buty!)-2. 
ethylpropane-1 ,3-dioxytitanate 
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Table !• Examples of Titanate Compounds Having Formula (HI) (Cont'd) 




Bis(2.2-dimethyI-I,3-propylene) titanate Bis(2,2-diethyl-l,3-propylene) titanate 



C3H7 — Y 



A 

o o 




C3H7 C4H9- 




Bis(2-( 1 -propyl)-2-raethyl- 1 ,3-propyIene) titanate Bis(2-( I -butyl)-2-ethyl- 1,3-propylene) titanate 




C2H5 



-o o- 

Bis(2-ethyl-l,3-hexyiene) titanate 




€41^0 — Tj 



H l-Butoxy)-4-methyl-2,6,7-trioxa- 
l-titanabicyclo[2,2,2]octane 





1 -(2-cthyl- 1 -liexoxy)-4-methyl-2,6,7-trioxa- 
1 -titanabicyclo[2,2,2]octane 



C2H5 



1 -(i2-ethyM-hcxoxy)-4-cthyI-2,6,7-trioxar 
1 -titanabicyclo[2,2,2] octane 




H 1 -Butoxy)-4-ethy I-2,6,7-trioxa- 
1 -titanabicyclo[2^,2]octane 



C2H5 



l-(2-Propoxy)-4-ethyl-2,6,7-trioxa^ 
1 -titanabicyclo[2,2,2]octane 




Titanate ester compounds having at least one moiety of the following general formula 
have also been used as polymerization catalysts: 
(IV) 

^^7 




or 



4 ^ ^ 
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/ 0 R9 



Ti 



wherein: 

each R? is independently a C2-3 alkylene group; 

Rg is a Ci-6 alkyl group or unsubstituted or substituted phenyl group; 

Z is 0 or N; provided when Z is O, m = n = 0, and when Z is N, m = 0 or 1 and m + n = 1; 

each R9 is independently a C2.6 alkylene group; and q is 0 or 1 . 

Typical examples of such titanate compounds are shown below as formula (VI) and 
formula (Vn): 

(VI) 



(VII) 




IV. The Blend Material 

A blend material comprising MPOs and a polymerization catalyst allows for easy 

1 5 production, storage, transportation and processing. From the standpoint of applications, the 
blend material is a one-component ready-to-use mixture. The blend material may also be 
processed like a thermoset while producing a thermoplastic. Furthermore, the blend material 
may eliminate the need for existing equipment to be modified to allow for transfer of the MPO 
and a polymerization catalyst into the equipment in the appropriate amounts at the appropriate 

20 time and at the appropriate temperature. 
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In one aspect, the invention relates to a blend material comprising a MPO composition 
with a modified physical property (e.g., the melting temperature as described above) and a 
polymerization catalyst. 

There is no limitation with respect to the physical form of the MPO when mixed with the 
5 polymerization catalyst as long as the MPO remains substantially chemically intact. In one 
embodiment, the MPO is a solid such as a powder. In this embodiment, mechanical mixing 
typically is used to mix MPO with a polymerization catalyst In another embodiment, the MPO 
is mixed in the presence of a solvent with the solvent remaining present during the step of 
mixing. 

10 In one embodiment, the blend material also includes a filler as described above. 

Illustrative examples of such fillers include pigments, light weight fillers, flame retardants, and 
ultraviolet light stabilizers. For example, calcium carbonate may be used to increase the 
thicloiess of a polyester polymer product to improve its mechanical performance. Also, glass 
microspheres may be added to lower the density of the product. Other fillers include nanoclays, 

15 e.g., to increase the modulus of the product, organo bromides in combination with antimonium 
oxides, e.g., to impart flame resistance, and colorants such as carbon black or titanium dioxide. 

The filler is added generally between about 0. 1% and 70% by weight, between about 25% 
and 70% by weight, or between about 2% and 5% by weight depending on the filler and the 
purpose for adding the filler. For example, the percentage is prefembly between 25% and 50% 

20 by weight in the case of calcium carbonate, between 2% and 5% by weight in the case of 

nanoclays, between 0.1% and 1% in the case of pigments, and between 25% and 70% by weight 
in the case of glass microspheres. 

A process for preparing the blend material includes providing a MPO and mixing the 
MPO with a polymerization catalyst. When preparing the blend, the MPO and the 

25 polymerization catalyst may be mixed together by various means. For example, any 

conventional mixer or blender may be employed to mix the MPO with the polymerization 
catalyst via agitation at temperatures below the melting temperature of the MPO. This process 
may be conducted under an inert atmosphere such as a nitrogen atmosphere. 

A solvent may also be employed to assist in the uniform mixing of the MPO with the 

30 polymerization catalyst. Various solvents can be used, and there is no limitation with respect to 
the type of solvent that may be used other than that the solvent is substantially free of water. 
Illustrative examples of solvents that may be employed in the invention include methanol. 
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ethanol, isopropanol, acetone, methyl ethyl ketone, benzene, toluene, o-xylene, chlorobenzene, 
dichloromethane, and chloroform. 

There is no limitation witli respect to the amount of solvent to be employed other tlian 
tliat the amount results in a uniform mixing of the MPO and the polymerization catalyst, hi one 
5 embodiment, the blend of MPO with the polymerization catalyst is isolated either by direct 
removal of the solvent via evaporation or by precipitation via addition of the mixture into a 
nonsolvent In another embodiment, the blend of solid ingredients is further dried under vacuum 
at elevated temperatures below the melting temperature of the MPO to remove any residual 
solvent. 

10 A process for preparing the blend material further having at least one filler, or any other 

additional material, is generally the same as described above, however, tlie characteristics of the 
filler and/or additional materials must be considered. It should be understood that the MPO, the 
polymerization catalyst, the filler, any additional material(s) and/or solvent, if used, may be 
mixed in any order or simultaneously as long as the fmal composition contains the appropriate 

15 amount of each ingredient. 

It is within the scope of the invention to employ one, two or more different fillers in 
preparing a blend material of MPO and polymerization catalyst. Unless specifically stated 
otherwise, any embodiment of a composition, article or process that refers to filler in singular 
also includes an embodiment wherein two or more different fillers are employed. Similarly, 

20 unless stated otherwise, any embodiment of a composition, article or process that refers to fillers 
in plural also includes an embodiment wherein one filler is employed. 

In one embodiment of the invention, the amount of polymerization catalyst employed is 
generally about 0.01 to about 10.0 mole percent, preferably about 0.1 to about 2 mole percent, 
and more preferably about 0.2 to about 0.6 mole percent based on total moles of monomer repeat 

25 units of the MPO. 

Although dependent on the particular composition of the blend material, blend materials 
typically exhibit a shelf life generally longer than a week, and preferably longer than a month, 
and more preferably longer than a year when stored at ambient temperature. 

It is within the scope of the invention to employ one, two or more different 

30 polymerization catalysts in preparing a blend of MPO and polymerization catalyst. Unless 

Specifically stated otherwise, any embodiment of a composition, article or process that refers to 
polymerization catalyst in singular also includes an embodiment wherein two or more different 
polymerization catalysts are employed. Similarly, unless stated otherwise, any embodiment of a 
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composition, article or process that refers to polymerization catalyst in plural also includes an 
embodiment wherein one polymerization catalyst is employed. Two or more polymerization 
catalysts may be used to vary the rate of polymerization and to produce polyesters with variable 
degrees of branching. 

5 V, Polymerization of MPOs 

In another aspect, the invention relates to a process for polymerizing a MPO composition 
that includes the steps of (a) providing a MPO composition with a modified physical property 
(e.g., the melting temperature as described above), (b) providing a polymerization catalyst, and 
(c) polymerizing the MPOs. The MPOs and the polymerization catalyst may be components of a 

10 blend material. Therefore, in one embodiment, a process for polymerizing a MPO composition 
mcludes the steps of (a) providing a blend material having a MPO composition with a modified 
physical property, e.g., the melting temperature, and (b) polymerizing the MPOs. In one 
embodiment, the polymerization is conducted in the range of 130 ^'C to 230 **C. 

By reason of the lower melting temperature and decrease in crystallinity, it is frequently 

1 5 possible to polymerize the compositions of the present invention to linear polyesters at lower 
temperatures than with previously known MPO compositions. For example, a conventionally 
prepared macrocyclic PBT oligomer composition may require a polymerization tempaature (in 
the presence of a conventional tin compound as catalyst) on the order of 190°C and will not 
polymerize at ISC'C. The corresponding composition, from which most of the tetramer has been 

20 removed according to this invention, has been polymerized to high molecular weight PBT at 
temperatures as low as 148^C. 

In other respects, the compositions of MPOs in which tetramers have been removed are 
similar to known MPO compositions in that they may be polymerized under a wide variety of 
conditions in the presence of polymerization catalysts to linear polyesters having a wide variety 

25 of uses. 

Blends of MPOs with catalyst and/or filler may be polymerized in processes such as 
rotational molding, resin film infusion, pultrusion, resin transfer molding, filament winding, 
making and using powder-coated or hot melt prepreg, water slurry process, compression - 
molding, and roll wrapping. These processes may be used to form polyester compositions, 
*-^,r^^-' 30 n. including composite:^ M^iich may be ineludod in^^cles of manu&ctiue such as carbon fiber golf^ 
shafts and lightweight automotive chassis members, construction materials, and so on. 
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The following examples are provided to further illustrate and to facilitate the 
understanding of the invention. These specific examples are intended to be illustrative of the 
invention. 

Example A General Depolymerization Procedure 
5 Dissolve dry poly(l,4-butylene terephthalate) (PBT) pellets in dry o- 

dichlorobenzene (ODCB) under inert atmosphere at 180**C. Add a titanate catalyst as a solution 
in ODCB or as a neat solid. The depolymerization reaction is carried out at about 1 80°C. The 
reaction can be sampled over time to determine progress. When equilibrium is reached (usually 
within 1 hour), the reaction is cooled to 100**C and water is added to quench the titanate catalyst 
10 (add about 0.5% water by volume). After quenching, the reaction mixture is concentrated by 
removing 70-95% of the ODCB. This step can be done from 70-180**C by adjusting pressure 
during the strip. 

After the initial concentration step, the reaction is allowed to cool to about 70®C and 
filtered to remove the bulk of the linears which fall from solution. The filtrate, which contains 
15 the MPOs, is concentrated to about 30% solids at about 110®C. An equal volume of heptane is 
added and the reaction is allowed to cool to about 70*^0 to precipitate the PBT tetramer. Filter to 
remove the PBT tetramer and pass the filtrate through a colimm of alumina to remove residual 
linears. Pure MPOs are then isolated by heptane precipitation or by concentration. 

PBT used in these experiments was produced by General Electric (Valox 315 grade) and 
20 was dried in vacuo at about 120°C before use. Anhydrous ODCB was used as received from 
Aldrich. Titanate catalysts were prepared from tetraisopropyi titanate from DuPont that was 
vacuum distilled prior to use. Diols that were dried over molecular sieves. All other reagent 
grade solvents and chemicals were used as received. 

HPLC analysis was used to characterize the composition of the MPOs and to follow 
25 progression of depolymerization reactions. HPLC analysis was conducted using a Hewlett 

Packard Series 1050 chromatography system. Samples were eluted at 1 .5 ml/min through a 4.6 x 
15 cm Zorbax Eclispe XBD-C8 column at 40°C. A linear acetonitrile: water gradient which 
ramped from 50:05 to 100:0 over 18 min was used. Analysis was calibrated using pure PBT 
, dinaer which was isolated by vacuum sublimation. MPOs were quantified using phenanthrene as 
30 an internal calibration standard. Peaks were measured at 254 nm with a UV detector. 

Analyses for polymer Mw were conducted using a Hewlett Packard Series 1 100 
cliromatography system. Samples were eluted at 1 ml/min with chloroform through a bank of 
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two Phenomenex Phenogel 5(un linear 300 x 7.8 mm columns at 40'*C. Peaks were detected 
with a UV detector at 254 nm and the instrum«it was calibrated using polystyrene standards. 

HPLC retention times of MPOs are shown in Table 1 . Melting range data of select MPO 
compositions is shown in Table 2. 



5 

Table 1. HPLC Retention Times of Select MPOs 



MPO 


Dimer (PBT) 


Trimer (PBT) 


Tetramer (PBT) 


Pentamer (PBT) 


HPLC Tr (min.) 


6.8 


11.5 


13.6 


15.4 



Table 2, Melting Ranges of Select MPO Compositions 



Sample 


%Dimer 


%Trimer 


%Tetramer 


%Pentamer 


% co-MPO 


Melt Range 


a 


13.1 


12.9 


51.9 


11.7 


9.3 


175-218 


b 


2 


46.7 


29.8 


21.5 


0 


120-215 


c 


32.2 


38.2 


16.6 


13.1 


0 


120-200 


d 


34.5 


29.9 


12.8 


11.2 


13.8 


125-175 


e 


30.6 


34.3 


10.2 


10.2 


14.2 


125-168 


f 


37.1 


37 


1.48 


10 


14.5 


125-148 



10 Example 1 

A 22.2 g sample of commercially available PBT was dissolved in 1,450 g (1,107 ml) of 
ODCB and depolymerized in the presence of 2.8 mole percent of a mixed l,4-butanediol/2- 
methyl-2,4-pentanediol (4.3:1 molar) titanate catalyst. MPOs were obtained in tiie amount of 
1 1 .4 g, or 51 .8% of theoretical. 
1 5 The reaction mixture was quenched witii water at 1 00*^C and ODCB was distilled off to a 

MPO concentration of 1 1% by weight (71 ml of ODCB). A sample was removed and stripped of 
solvent; it was found to have a melting temperature of 100-21 O^^C. 

Heptane, 71 ml, was added to the remaining oligomer composition at 1 lO^C and the 
reaction mixture was allowed to cool to 70^C, whereupon a precipitate formed. The mixture was 
20 filtered; the filtration residue was found by HPLC analysis to contain about 96% by weight of the 
tetramer in the reaction product. The filtrate was poured into an excess of heptane to precipitate 
the remaining oligomers which were found to have a melting temperature of 1 00-1 50®C. 

A 250 ml roimd-bottomed flask equipped with a magnetic stirrer was charged with 85 g 
25 (64 ml) of ODCB and 1 5 g of a raacrocyclic PBT oUgomer composition prepared by the reaction 
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of terephthaloyl chloride with bis(4-hydroxybutyl) terephthalate. A control sample of the 
oligomer composition was found to have a melting temperature of 100-1 80°C. 

Heptane, 64 ml, was added slowly to the remaining oligomer composition at 1 10°C and 
the reaction mixture was allowed to cool overl hour to 75**C, whereupon a precipitate formed. 
5 The mixture was filtered; the filtration residue was found to contain about 90% by weight of die 
cyclic tetramer in the reaction product. The filtrate was poured into an excess of heptane to 
precipitate the remaining oligomers which were found to have a melting temperature of 1 00- 
130°C. 
Example 3 

10 A 3 1 round-bottomed flask equipped with a magnetic stirrer and thermometer was 

charged with 700 g (534 ml) of ODCB and 300 g of a macrocyclic PBT oligomer composition 
prepared by the reaction of terephthaloyl chloride with 1,4-butanedioL A control sample of the 
oligomer composition was found to have a melting temperature of 120-175°C. 

The mixture was heated to 1 WC to dissolve all of the oligomers and heptane, 534 ml, 

1 5 was added slowly at 1 1 0'^C. The reaction mixture was allowed to cool to 75°C, whereupon a 
precipitate formed. The mixture was filtered; the filtration residue was found to contain about 
73% by weight of the cyclic tetramer in the reaction product. The filtrate was poured into an 
excess of heptane to precipitate the remaining oligomers which were found to have a melting 
temperature of 120-158^C. 

20 Example 4 

A 5% (by weight) solution in ODCB of macrocyclic PBT oligomers, prepared as 
described in Example 1, was found to be a homogeneous liquid at 1 lO^^C. Upon cooling to room 
temperature, a precipitate deposited from the solution. The precipitate was found by analysis to 
be 90% pure cyclic tetramer, and to constitute 60% by weight of the tetramer present in the 
25 original oligomer composition. 

Example 5 

A 300 mg control sample of the PBT oligomer composition employed m Example 2, 
from which the tetramer had not been removed, was placed in a test tube and submerged in an oil 
■ bath maintained at ISO^^C for 10 minutes. The composition did not melt at this temperature., A 
30 sample of the product of Example 2, from which tetramer had been removed, melted when 
heated to the same temperature but crystallized to an opaque, britde solid upon cooling. 
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When the product of Example 2 was heated to 150**C and quenched by submersion in 
cold water, it remained transparent, indicating that it was amorphous rather than crystalline after 
quenching. It remained amorphous and tacky after stormg at ambient temperature for one month. 
By contrast, the control retumed to a brittle, crystalline state upon standing for 48 hours. 

Example 6 

A 3 1 round-bottomed flask was charged with 3,098 ml of ODCB, 26.3 g of commercially 
available PBT pellets, and 4.9 g of tetramer removed from a MPO composition as described in 
Example 3. The resulting mixture was heated to 1 80°C until all solids were dissolved and a 
titanate catalyst similar to that of Example 1 was added in a similar proportion to PBT. Heating 
at 180°C was continued for one hour, after which a portion of the mixture was analyzed and 
foxmd to contain MPOs in a proportion similar to that observed in Example 1 . 

While typical embodiments have been set forth for the purpose of illustration, the 
foregoing descriptions and examples should not be deemed to be a limitation on the scope of the 
invention. Accordingly, various modifications, adaptations, and alternatives may occxir to one 
skilled in the art without departing from the spirit and scope of the present invention. 

The patents and references referred to above are incorporated by reference including: 
U.S. Patent Nos. 5,039,783, 5,191,013, 5,231,161, 5,348,985, 5,389,719, 5,407,984, 5,466,744, 
5,591,800, 5,661,214, 5,668,186, and 5,710,086. 

What is claimed is: 
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1 1 . A process for modifying a physical property of a composition comprising macrocyclic 

2 polyester oligomers, comprising the steps of: 

3 (a) providing a composition comprising at least two species of macrocyclic 

4 polyester oligomers, each of said macrocyclic polyester oligomers comprising a structural 

5 repeat unit of the fomiula 

O O 



6 A 0 C B C , 

7 wherein 

8 A is an alkylene, a cycloalkylene, or a mono- or polyoxyalkylene group, and 

9 B is a divalent aromatic or alicyclic group; and 

10 (b) changing the weight percentage of at least one species of said macrocyclic 

1 1 polyester oligomers in said composition. 

1 2. The process of claim 1 wherein said physical property is the melting temperature of said 

2 composition. 

1 3. The process of claim 1 wherein said at least one species of said macrocyclic polyester 

2 ohgomers in step (b) is the highest melting temperature macrocyclic polyester oligomer in 

3 said composition. 

1 4. The process of claim 1 wherein said at least one species of said macrocyclic polyester 

2 oligomers in step (b) comprises at least said macrocyclic polyester tetramer. 

1 5. The process of claim 4 wherein step (b) comprises reducing the weight percentage of at 

2 least the macrocyclic polyester tetramer. 

1 6. The process of claim 1 wherein said at least two species of macrocyclic polyester 

2 oligomers in step (a) have a degree of polymerization from 2 to 10. 

1 7. The process of claun 6 wherein said at least two species of macrocyclic polyester 

2 oligomers in step (a) have a degree of polymerization from 2 to 6. 

1 8. The process of claim 1 wherein said composition comprises macrocyclic poly(l ,4- 

2 butylene terephthalate) oligomers. 
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1 9. The process of claim 1 wherein said composition comprises macrocyclic poly(ethylene 

2 terephthalate) oligom^ 

1 10. The process of claim 1 wherein said composition comprises a macrocyclic copolyester 

2 oligomer 

1 11. The process of claim 10 wherein said composition comprises a macrocyclic copolyester 

2 oligomer containing at least about 90 mole percent poly(l ,4-butyIene terephthalate) 

3 structural units. 

1 12. The process of claim 1 wherein step (b) comprises perfbmiing fractional crystaUization. 

1 13. A macrocyclic polyester oligomer composition having a decreased melting temperature 

2 produced by the process of claim 1 . 

1 14. A macrocyclic polyester oligomer composition comprising at least two species of 

2 macrocyclic polyester oligomers, each of said macrocyclic polyester oligomers 

3 comprising a structural repeat imit of the formula 

O O 

II II 

4 O A O C B C , 

5 wherein . . 

6 A is an alkylene, a cycloalkylene or a mono- or polyoxyalkylene group, and 

7 B is a divalent aromatic or alicycHc group, 

8 wherein a species of said macrocyclic polyester oligomers having the highest melting 

9 temperature is present in an amount less than or equal to 5%. 

1 1 5. The composition of claim 14 wherein each of said macrocyclic polyester oligomers has a 

2 degree of polymerization in the range from 2 to about 6. 

1 16. The composition of claim 1 5 wherein said species having the highest melting temperature 

2 is macrocyclic polyester tetramer. 

ltfe^1ffi)«6Sr^f fclkiinM^ ^olyStet SKgWei^'^c^^^^ 

2 macrocyclic poly(l,4-butylene terephthalate) oligomers. 
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1 1 8. The composition of claim 14 wherein said macrocyclic polyester oligomers comprise 

2 macrocyclic poly(ethylene terephthalate) oligomers. 

1 19. The composition of claim 15 wherein said macrocyclic polyester oligomers comprise a 

2 macrocyclic copolyester oligomer comprising at least about 90 mole percent poly(l,4- 

3 butylene terephthalate) structural units. 

1 20. The composition of claim 14 further comprising a filler. 

1 21. The composition of claim 14 further comprising a polymerization catalyst. 

1 22. A prepreg composition comprising the composition of claim 1 4. 

1 23. A blend material comprising: 

2 (a) the macrocyclic polyester oligomer composition of claim 14; and 

3 (b) a polymerization catalyst 

1 24. The blend material of claim 23 further comprising a filler. 

1 25. The blend material of claim 24 wherein said filler is present at a weight 

2 percentage of firom 0.1% to 70%. 

1 26. A polyester polymer composite prepared by polymerizing said macrocyclic 

2 polyester oligomers of said blend material of claim 23. 

1 27. An article of manufacture comprising said polyester polymer composite of claim 

2 26. 

1 28. A process for polymerizing a macrocyclic polyester oligomer composition 

2 comprising the steps of: 

3 (a) providing the macrocyclic polyester oligomer composition of claim 14; 

4 (b) providing a polymerization catalyst; and 

5 (c) polymerizing said macrocyclic polyester oligomers. 

K 29. . .AprocessfQrpolynieri2inganiacrocycUcpplx^ , 

2 comprising the steps of: 

3 (a) providing the blend material of claim 23; and 

4 (b) polymerizing said macrocyclic polyester oligomers. 
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The process of claim 29 wherein step (b) is conducted at a temperature between 



2 130°Cand230''C. 



1 31. 

2 

3 



A macrocycUc polyester oligomer composition comprising 30-40% macrocycUc polyester 
dimeis, 30-45% macrocycUc polyester trimers, 0-5% macrocyclic polyester tetramers, and 
5-20% macrocyclic polyester pentamers, each of said macrocycUc polyester oligomers 



4 comprising a structural repeat unit of the formula 

O O 



5 O A O C B C 

9 

6 wherein 

7 A is an alkylene, a cycloalkylene or a mono- or polyoxyalkylene group, and 

8 B is a divalent aromatic or alicyclic groiq). 

1 32. The composition of claim 3 1 wherein said macrocyclic polyester oligomer composition 

2 comprises less than 3% of macrocyclic polyester tetramers. 
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